Elucidating the molecular mechanisms that underlie the control of initiation of transcription in animals has been central to our research for almost 40 years. The first breakthrough in this field was, at the end of the 1960s, the independent findings by Roeder and Rutter and by our own laboratory of multiple forms of nuclear DNAdependent RNA polymerases (Chambon, 1975). Their extensive purification and the determination of their subunit structure, which were completed in the early 1970s, opened the era of in vitro functional studies aimed at investigating their role in the selectivity of transcription in vivo. However, we quickly established that these purified enzymes were unable to initiate RNA synthesis on either intact linear double-stranded animal viral DNAs or high molecular weight cellular DNAs devoid of singlestranded breaks, which Maria Gross-Bellard prepared in our laboratory (see references in Chambon, 1975) . Speculating that chromatin rather than naked DNA was likely to be the natural template in vivo, we decided to isolate chromatin in a state as native as possible. To this end, one of us (P.O.) set up in our lab an electron microscopy (EM) technique that had just been devised by Jacques Dubochet in Edouard Kellerberger's group in Basel for the direct visualization of protein-DNA complexes on charged grids without a fixation, under conditions where stretching and modifications of DNA-protein interactions were clearly minimized (Dubochet et al., 1971) .
Elucidating the molecular mechanisms that underlie the control of initiation of transcription in animals has been central to our research for almost 40 years. The first breakthrough in this field was, at the end of the 1960s, the independent findings by Roeder and Rutter and by our own laboratory of multiple forms of nuclear DNAdependent RNA polymerases (Chambon, 1975) . Their extensive purification and the determination of their subunit structure, which were completed in the early 1970s, opened the era of in vitro functional studies aimed at investigating their role in the selectivity of transcription in vivo. However, we quickly established that these purified enzymes were unable to initiate RNA synthesis on either intact linear double-stranded animal viral DNAs or high molecular weight cellular DNAs devoid of singlestranded breaks, which Maria Gross-Bellard prepared in our laboratory (see references in Chambon, 1975) . Speculating that chromatin rather than naked DNA was likely to be the natural template in vivo, we decided to isolate chromatin in a state as native as possible. To this end, one of us (P.O.) set up in our lab an electron microscopy (EM) technique that had just been devised by Jacques Dubochet in Edouard Kellerberger's group in Basel for the direct visualization of protein-DNA complexes on charged grids without a fixation, under conditions where stretching and modifications of DNA-protein interactions were clearly minimized (Dubochet et al., 1971) .
Previous electron microscopic and physical studies published in the early 1970s had indicated that the basic structure of chromatin corresponded to an approximately 100 A thick fiber. However, there was no definitive information concerning the substructure of this fiber, which might correspond to the DNA double helix with attached histones (see Oudet et al., 1975, for references) . As X-ray data had indicated that, unlike the four histones H3 (F3), H4 (F2al), H2A (F2a2), and H2B (F2b), the lysine-rich histone H1 (termed F1 at that time) was not essential for the basic chromatin structure, we initially used HI-depleted chromatin preparations, which are more easily dispersed. We still vividly remember our excitement when Pierre showed us in the fall of 1973 his first electron micrographs revealing that the fundamental structure of our chromatin preparations looked like a flexible chain of 120-130 A spherical particles *Correspondence: chambon@igbmc.u-strasbg.fr connected by filaments with a thickness compatible with that of DNA. As Rill and Van Holde (1973) had reported that micrococcal nuclease converted chromatin to 12S particles, we used this enzyme under mild conditions in an attempt to isolate the spherical particles revealed by EM. Isolated and occasionally "doublet" particles, with a diameter of approximately 125 A, were indeed obtained. Analysis of these isolated particles revealed the presence of only the four histories (H3, H4, H2A, and H2B) with an average protein to DNA ratio very close to 1.
Importantly, direct lysis of liver nuclei on the same charge grids revealed similar 120-130 A spherical particles, either closely packed or connected by short filaments with a diameter in the order of that DNA. We speculated that this structure, which was more compact than that of HI-depleted chromatin, possibly resulted from a further folding of a single chain and corresponded to the higher order structure fiber of 250 A that had been seen in nuclei and purified chromatin preparations. We also reported that a chromatin preparation containing histone H1 could be visualized as isolated flexible chains of similar spherical particles, when chromatin was dispersed in a low ionic strength buffer containing a chelating agent. Most interestingly, a flexible chain of spherical particles of the same size and DNA content could be self-assembled from linear DNA and the four histones H3, H4, H2A, and H2B, irrespective of DNA and histone origins, demonstrating that the basic chromatin structure could be readily reconstituted in vitro from DNA and the four histones, as suggested by previous X-ray diffraction studies.
Thus, using a combination of electron microscopic and biochemical studies, we had established that the fundamental structure of chromatin fibers from HIdepleted chromatin preparations was compoosed of a flexible chain of particles, approximately 125 A in diameter. That these particles were not artifactual was demonstrated by (1) their isolation upon micrococcal digestion, which allowed us to determine that each particle included about 200 bp of DNA and an equal weight of the four histones, most probably corresponding to two molecules of each of them; (2) the in vitro reconstitution of chains of similar particles from purified linear DNAs and the four histones H2A, H2B, H3, and H4, irrespective of their origins, and the demonstration that, on average, each particle included about 200 bp of DNA, which corresponds to a DNA compaction of approximately 5-fold from its extended length; and (3) the EM visualization of the same fundamental structure in chromatin spilling out of nuclei directly lysed on grids, although in this case the 125 A particles were much more closely packed, suggesting a higher order structure in which histone H1 could be involved.
While our studies were well advanced in the late spring of 1974, Roger Kornberg published a model of chromatin structure proposing that (1) the structure of chromatin is based on a repeating unit of two each of the four main types of histones and about 200 bp of DNA, and (2) a chromatin fiber may consist of many such units forming a flexibly jointed chain (Komberg, 1974) . It was predicted Cell S80 that chromatin is composed of a basic structure of about 100 ,~ in diameter and 100-110 ,~, in length, which is repeated along the chromatin fiber and does not require the presence of histone HI. Evidently, our results strikingly supported this model by providing both visual and biochemical evidence that the structure of the chromatin fiber is a flexible chain of particles exhibiting the fundamental characteristics predicted by Kornberg. We believe that there are three main reasons why our study had a great inlpact, not only on those working in the chromatin field, but also on a large audience of biologists. First, because seeing is believing and our images of particles along chromatin fibers were indeed convincing. Second, because our EM and biochemical data nicely complemented each other. And last, but not least, because we named these particles nucleosomes, a simple word, easy to remember, that evokes a component of the "nucleus" and the % body" chromatin particles previously seen by Olins and Olins (1974) . The term nucleosome was rapidly adopted to designate both the EM particles and the chromatin fundamental repeating unit that includes a histone core (two each of the four histones H2A, H2B, H3, and H4), one molecule of H1 or Hl-like histone, and the entire length of the DNA repeat (DNA repeat length) generated at early times of micrococcal digestion, usually about 200 bp, although there are marked cell type-and species-specific variations in this repeat length (Spadafora et al., 1976; Chambon, 1978; Kornberg, 1977) . Thus, nucleosomes are not homogenous, in contrast to nucleosome core particles that are derived from nucleosomes by further micrococcal digestion and contain the histone core, but not histone H1, and a constant amount of DNA (147 bp). These core particles are homogenous enough to be crystallized, and their high-resolution structure has been recently elucidated some 25 years after the discovery of the nucleosome (Luger et al., 1997; Davey et al., 2002; Richmond and Davey, 2003) . On the other hand, the structure of the full repeating unit, the nucleosome, has not been determined yet, and the path of the DNA between adjacent nucleosome cores, as well as its interaction with histone H1, remain to be established. It will require the crystallization of native homogenous nucleosome dimers, which may be very difficult to achieve.
In contrast, our understanding of the function of nucleosomes in control of transcription has dramatically progressed, notably during the last decade. But as usual, the reality is much beyond our scientific dreams. Who would have predicted 30 years ago that histone modifications and nucleosome remodeling play a crucial role in mediating the effect of transcriptional regulatory proteins in the genetic and epigenetic control of gene expression in eukaryotes? Electron microscopic and biochemical studies demonstrate that the fundamental structure of chromatin depleted of lysine-rich histones is composed of a flexible chain of spherical particles (nucleosomes), about 125 A in diameter, connected by DNA filaments. Such a chromatin preparation can be separated by centrifugation into two fractions which differ in the spacing of the nucleosomes. In one fraction almost all of the DNA is condensed in nucleosomes, while the other fraction contains long stretches of free DNA connecting regions where the nucleosomes are closely packed. The isolated nucleosomes contain about 200 base pairs of DNA and the four histones F2al, F2a2, and F2b, and F3 in an overall histone/DNA ratio of 0.97. In such a structure the DNA is compacted slightly more than five times from its extended length, The same basic structure can be visualized in chromatin spilling out of lysed nuclei. However, in this latter case the nucleosomes are very closely packed, suggesting that histone F1 is involved in the superpacking of DNA in chromosomes and nuclei.
The chromatin fiber appears to be a self-assembling structure, since the nucleosomal arrangement can be reconstituted in vitro from DNA and the four histones F2a, F2a2, F2b and F3 only, irrespective of their cellular origin.
Introduction
Electron microscopic, X-ray, hydrodynamic, and optical measurements have suggested a condensed form of DNA in chromatin. Association of histories with DNA is responsible for this compaction. The basic structure appears to be a chromatin fiber approximately 100 A thick (for references, see Ris and Kubai, 1970; Huberman, 1973; Cold Spring Harbor Symposium, 1973) . However, despite numerous studies, there is no definitive information concerning the conformation of the 100 h. fiber. In *A preliminary account of these results has been presented at the 9th FEBS Meeting, Budapest (August 1974). and at the 2nd EMBO Course on Molecular Genetics of Higher Organisms, Port Cros (September 1974). particular, electron microscopy has not provided any detail of the substructure that might represent the DNA double helix with attached histones.
In this study we have attempted to visualize chromatin structure by methods different than those previously used. In an attempt to improve the resolution of electron microscopy, our first studies were carried out with lysine-rich histone-depleted chromatin preparations, since X-ray data had suggested that these histones are not essential for the fundamental chromatin structure (Richards and Pardon, 1970, Bradbury et al., 1972) . Such chromatin preparations depleted of lysine-rich histones are more easily dispersed, and the effect of divalent cat ions can be investigated without the problems of precipitation and clumping which occur with the whole chromatin. Using a combination of electron microscopic and biochemical studies, we conclude that the fundamental structure of lysine-rich histone-depleted chromatin is composed of a flexible chain of spherical particles, about 125 A in diameter, connected by DNA filaments. The spherical particles contain about 200 base pairs of DNA and an equal weight of the four histones F2al, F2a2, F2b, and F3. Furthermore, the same basic structure can be visualized in chromatin fibers spilling out of lysed nuclei and be reconstituted in vitro from DNA and the four histones. Our results strongly support the model of chromatin structure recently proposed by Kornberg (1974a, b) .
Results

Electron Microscopy of Chromatin Depleted of Lysine-Rich Histone by Salt Treatment
Chromatin was prepared from various tissues or cells as described in Experimental Procedures. Shearing was avoided in order to obtain fibers as long as possible. In fact, the molecular weight of the chromatin DNA was at least 5-10 × 107 daltons as determined by electron microscopic measurements after protein digestion with proteinase K (Gross-Bellard, Oudet, and Chambon, 1973) . F1 and F2c histones were dissociated from chromatin by increasing the salt concentration up to 700 mM NaCI (Ohlenbusch et al., 1967; Wilhelm and Champagne, 1969 ) and centrifuging through a discontinuous glycerol gradient containing 600 mM NaCI as described in Experimental Procedures. Figure 1 shows that this centrifugation resolved the chromatin into two fractions, one sedimenting to the bottom of the tube (peak II, 70-80% of the DNA), whereas the other one sedimented to the lower third of the tube (peak I, 20-30% of the DNA). Polyacrylamide gel electrophoresis of the various fractions revealed that almost all of the DNA associated F2al, F2a2, F2b, and F3 histories and some of the acidic pro-
